Insulin-like growth factors (IGFs) and their associated binding proteins (BPs) play important roles in normal development and growth (1) . Furthermore, the IGF system has been implicated in the development of cardiovascular disease and cancer (1) (2) (3) . Biologic effects and bioavailability of IGF-I are modulated through IGF-BPs, which control IGF-I access to cell surface receptors (1) (2) (3) .
The relation of the IGF-I and IGF-BPs with human disease is complex. Most epidemiologic studies have focused on IGF-I, IGF-BP1, and IGF-BP3. Whereas abnormally high levels of IGF-I are associated with acromegaly (4, 5) , the associations with disease within the normal range of IGF-I are less clear. Higher IGF-I has been associated with a moderately increased risk of cancer (6) , particularly prostate, colorectal, and breast cancers. However, the direction of the relation of IGF-I with cardiovascular disease is opposite from the relation with incident cancers. Lower IGF-I levels are associated with atherosclerotic plaque (7-9), development of ischemic heart disease during 15 years of follow-up (7, 10) , and myocardial infarction (7, (11) (12) (13) .
Previous studies of IGF-I and IGF-BP3 and subsequent cancer mortality have focused on specific patient populations (14) and the use of IGF-I and/or IGF-BP3 for prediction of cancer survival, and prognosis (15) (16) (17) (18) (19) (20) (21) . Few previous studies have examined the risk of mortality in the general population in relation to IGF-I levels, and no study, to our knowledge, has examined mortality in relation to IGF-BP3 levels. An increased risk of cardiovascular disease mortality was associated with lower IGF-I levels at baseline in the Rancho Bernardo prospective cohort study (22) . In a cohort of Finnish men, higher levels of IGF-BP1 were associated with increased risk of death from all causes and from cardiovascular disease (23) . To date, no nationally representative prospective cohorts are known to have examined the risk of all-cause mortality based on IGF-I and IGF-BP3 levels. We conducted this cohort study to determine the risk of all-cause, heart disease, and cancer mortality associated with IGF-I and IGF-BP3 levels in the general population.
MATERIALS AND METHODS
Data were derived from the Third National Health and Nutrition Examination Survey (NHANES III) Mortality Study, a prospective cohort study that passively followed participants aged 17 years or older in NHANES III (n ¼ 20,024). NHANES III was conducted between 1988 and 1994 by the National Center for Health Statistics. A stratified multistage sample design was used to produce a nationally representative sample of the noninstitutionalized US civilian population (24) . The survey included a physical examination, laboratory test, and questionnaires with health-and nutrition-related topics. The overall response rate for adults aged 20 years or older for completing the interview and examination was 77 percent (25) . Of individuals aged 20 years or older, 6,226 were selected at random for the morning examination and had surplus serum samples available for analysis of IGF-I and IGF-BP3.
Baseline assessments
Participants' age, sex, race/ethnicity, and personal health characteristics were obtained by interview. Physical examination included measuring height, weight, waist circumference, and hip circumference. Body mass index was calculated as kilograms per square meter for each participant.
Measurement of IGFs
IGF-I and IGF-BP3 were measured in the stored serum from the NHANES III morning fasting sample using the DSL Laboratories (Webster, Texas) IGF-I ELISA (catalog #10-5600) and IGF-BP3 IRMA (catalog #6600). All assays described were performed by a single technician at the DSL facility in Webster, Texas. For the IGF-I ELISA, a single batch of reagents sufficient for the entire experiment was frozen at study onset. The IGF-BP3 IRMA required fresh batches of radioactive tracer during the study. Throughout the study, samples were reanalyzed if the coefficient of variation for replicate samples from a single vial was greater than 15 percent. Complete details on the laboratory methods used and quality control measures have been reported previously (26) .
Outcomes NHANES III participants aged 17 years or older for whom data were available for matching were matched to the National Death Index to determine mortality status. The National Death Index was searched through December 31, 2000, for follow-up. NHANES III and the National Death Index are linked by probabilistic matching. The National Center for Health Statistics conducted the linkage and created scores for potential matches. For a selected sample of NHANES III records, the Center reviewed the death certificate record to verify correct matches. Overall, 20,024 adult NHANES III participants were eligible for mortality follow-up by linkage with the National Death Index, of whom 3,384 were identified as deceased. A complete description of the methodology used to link NHANES III records to the National Death Index can be found at the following website: http://www.cdc. gov/nchs/data/datalinkage/matching_methodology_nhanes3_ final.pdf (accessed April 25, 2006) .
Underlying cause of death is based on International Classification of Diseases, Ninth Revision (ICD-9) codes from 1986 to 1998 and on International Classification of Diseases, Tenth Revision (ICD-10) codes from 1999 to 2000. Heart disease deaths were defined as those with ICD-9 codes 390-398, 402, and 404-429 and ICD-10 codes I00-I09, I11, I13, and I20-I51. Cancer deaths were defined as those with ICD-9 codes 140-208 and ICD-10 codes C00-C097. Causeof-death codes for heart disease and cancer based on ICD-9 and ICD-10 were selected for high comparability between the two coding methods (27) .
For NHANES III participants with valid IGF data (n ¼ 6,061), 5,313 were assumed to be alive, 743 were assumed to be deceased, and five were missing information for the linkage. Among those assumed deceased, two participants were missing information on cause of death. Overall, there were 743 deaths from all causes, 251 deaths from heart disease, and 181 deaths from cancer during 51,238 person-years of follow-up. Person-years of follow-up were calculated for each participant based on the end of follow-up (date of death for those assumed deceased or December 31, 2000, for those assumed alive) minus the date of the NHANES III examination.
Analysis
All analyses were weighted to the US population to provide nationally representative estimates. SUDAAN statistical software, release 9.1 (28) was used to account for the complex survey design, a stratified multistage cluster sample (24, 25) .
Participants' demographic characteristics, self-reported general health status, history of chronic conditions, body measurements, IGF-I, and IGF-BP3 were assessed at baseline. The association of mortality with IGF-I and IGF-BP3 was estimated by using quartiles of each. Cutpoints for the quartiles were determined separately for males and females since preliminary analysis showed males to have higher mean IGF-I and lower mean IGF-BP3 levels compared with females in almost every age group.
Person years. Mortality per 1,000 person-years was calculated for each IGF-I and IGF-BP3 quartile based on the weighted number of deaths and person-years. A log-linear Poisson model was used to calculate 95 percent confidence intervals.
Proportional hazards analysis. To determine whether differences in relative hazards between IGF-I and IGF-BP3 quartiles could be explained by other variables, proportional hazards models were constructed separately for IGF-I and IGF-BP3. Included were sex, race/ethnicity, smoking status, alcohol use, and body mass index.
The biologic interaction between IGF-I and IGF-BP3 is complex. The bioavailability of IGF-I and IGF-BP3 is measured by the amount of IGF-I or IGF-BP3 not bound to one another (2, 3, 5) . Therefore, to account for the bioavailability of IGF-I and IGF-BP3, we included IGF-BP3 as a continuous variable in the final proportional hazards model for IGF-I and IGF-I as a continuous variable in the final proportional hazards model for IGF-BP3.
We used age as the timescale for analysis, with left truncation. Participants who entered at their age at examination were censored at the end of follow-up if they were still alive. For cause-specific analyses (i.e., cancer mortality or cardiovascular mortality), if a participant died from causes other than the specific cause of death of interest, then they were censored at the age at death. When participants with a baseline history of cancer (n ¼ 401) were excluded from the analysis, there was no change in the direction or magnitude of the results. When participants with a baseline history of heart disease (n ¼ 291) were excluded from the analysis, there was no change in the direction or magnitude of the results. Similarly, when participants who died within the first 2 years of follow-up were excluded from the analysis (n ¼ 139), there was also no change in the direction or magnitude of the results. Therefore, the analysis included participants with a baseline history of cancer, heart disease, and death occurring within the first 2 years of follow-up. We found no significant first-order interactions between IGF quartile and any covariate (p > 0.05).
To check whether the functional relation of death and IGF-I was similar to the quartile analysis, we used the proportional hazards function to model IGF-I using a spline regression with three knots (29) . We observed patterns similar to those when the quartile analysis was used. This analysis, checking for interactions and spline regression, was repeated with IGF-BP3. There were no significant first-order interactions between IGF-BP3 quartile and any covariate (p > 0.05). As for the quartile analysis, similar patterns were observed with the proportional hazards function to model IGF-BP3 using the spline regression.
The test for trend in the relation of IGF-I and IGF-BP3 with mortality was analyzed three ways: by entering the IGF-I and IGF-BP3 quartiles as ordinal variables in the proportional hazards models by assigning scores of 1, 2, 3, or 4 to the quartiles in the regression model; and by entering the median of each quartile in the proportional hazards models and as a continuous variable using a three-knot regression spline in the proportional hazards models. Similar results were obtained with each method. The p for trend from entering the quartiles as an ordinal variable is reported in the Results section below.
Because IGF-I and IGF-BP3 levels decline with age and the majority of deaths occurred at the older ages, we performed subsidiary analysis by restricting the cohort to z Model 2: with age as the time scale, adjusted for sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American, other), smoking status (current, past, never), alcohol use (3 drinks/week, 1-2 drinks/week, 0 drinks/week), and body mass index (continuous). § Model 3: with age as the time scale, adjusted for sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American, other), smoking status (current, past, never), alcohol use (3 drinks/week, 1-2 drinks/week, 0 drinks/week), body mass index (continuous), and insulin-like growth factor binding protein 3 (continuous).
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Am J Epidemiol 2007;166:518-526 participants aged 50 years or older at the time of NHANES III to determine the associated risk in a group of older adults. Table 1 reports the baseline characteristics of participants included in our analysis overall and for males and females separately. Overall, mean age of the cohort at baseline was 44 years and was similar for males and females. Reported alcohol use differed by sex, with 24 percent of males reporting three or more drinks per week, but only 10 percent of females reporting the same. Similar differences by sex were found for smoking history, with 31 percent of males but only 24 percent of females reporting they were current smokers. As expected, waist circumference and waist-to-hip ratio differed by sex; females had lower mean waist circumferences and mean waist-to-hip ratios. IGF-I and IGF-BP3 also differed by sex. Compared with females, males had higher IGF-I levels and lower IGF-BP3 levels. Table 2 presents the results by IGF-I quartile and the risk of death from all causes, heart disease, and cancer. Mortality decreased with increasing IGF-I quartiles for deaths from all causes, heart disease, and cancer. Mortality from all causes was highest for participants in the lowest IGF-I quartile, with a mortality rate per 1,000 person-years of 17.8 (95 percent confidence interval: 15.34, 20.24), decreasing in the second quartile to 10.2 (95 percent confidence interval: 7.97, 12.43), to 5.9 (95 percent confidence interval: 4.44, 7.34) in the third quartile, and to 2.8 (95 percent confidence interval: 2.02, 3.62) in the fourth quartile. This trend was statistically significant (p < 0.001). After we adjusted for age, the relative hazard point estimates and the trend were no longer statistically significant. Adjusting for other covariates (sex, race/ethnicity, smoking status, alcohol use, and body mass index) did not substantially change the results. Adjusting for IGF-BP3, to estimate the bioavailability of IGF-I, also did not change the results. The results from the proportional hazards model and a three-knot spline are displayed graphically in figure 1 . The confidence intervals are wide, and the risk of all-cause mortality did not increase with increasing IGF-I levels.
RESULTS

Baseline characteristics
IGF-I and mortality
Similar to the patterns observed for all-cause mortality, the highest rates for heart disease and cancer mortality were observed in the lowest quartile of IGF-I and decreased with increasing quartiles (p for trend < 0.001). After we adjusted for age or for age and the other covariates in proportional hazards models, the relative hazard for heart disease mortality was no longer statistically significant.
A slightly different pattern was observed with cancer mortality. Although the relative hazards for cancer mortality after adjustment were no longer statistically significant, the point estimates for the lower quartiles compared with the highest quartile suggested an increased risk of cancer mortality. The trend was not statistically significant for any of the adjusted proportional hazards models (p for trend > 0.05). Table 3 presents the results by IGF-BP3 quartile and the risk of death from all causes, heart disease, and cancer. Similar to patterns observed with IGF-I, mortality decreased with increasing IGF-BP3 quartile for deaths from all causes, heart disease, and cancer.
Mortality from all causes ranged from 18.12 per 1,000 person-years (95 percent confidence interval: 15.02, 21.22) in the lowest IGF-BP3 quartile to 3.85 per 1,000 person-years z Model 2: with age as the time scale, adjusted for sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American, other), smoking status (current, past, never), alcohol use (3 drinks/week, 1-2 drinks/week, 0 drinks/week), and body mass index (continuous). § Model 3: with age as the time scale, adjusted for sex, race/ethnicity (non-Hispanic White, non-Hispanic Black, Mexican American, other), smoking status (current, past, never), alcohol use (3 drinks/week, 1-2 drinks/week, 0 drinks/week), body mass index (continuous), and insulin-like growth factor I (continuous).
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Am J Epidemiol 2007;166: [518] [519] [520] [521] [522] [523] [524] [525] [526] (95 percent confidence interval: 2.79, 4.91) in the highest IGF-BP3 quartile. This trend was statistically significant. After adjustments, the trend for decreasing mortality from the lowest to the highest quartile remained significant. In model 3, adjusted for age, sex, race/ethnicity, smoking status, alcohol use, body mass index, and IGF-I, compared with that for the highest quartile, the relative hazard for the lowest IGF-BP3 quartile was 1.57 (95 percent confidence interval: 0.98, 2.52), followed by quartile 2 (relative hazard ¼ 1.40, 95 percent confidence interval: 0.95, 2.05) and quartile 3 (relative hazard ¼ 1.09, 95 percent confidence interval: 0.65, 1.81). The results from the proportional hazards model and a threeknot spline are displayed graphically in figure 2 . The confidence intervals are wide, but the risk of all-cause mortality seemed to decrease with increasing IGF-BP3 levels.
A similar pattern was observed for heart disease and cancer mortality with IGF-BP3. For both heart disease and cancer mortality, in unadjusted analysis, increasing IGF-BP3 quartiles were associated with decreasing mortality. However, after multivariate adjustments, the relative hazard estimates were not statistically significant and the trends were also not significant.
Subsidiary analysis among adults aged 50 years or older
We repeated the analysis by restricting the cohort to participants aged 50 years or older at baseline. After we adjusted for age, sex, race/ethnicity, smoking status, alcohol use, and body mass index, there was no increased risk with decreasing IGF-I level for all-cause, heart disease, or cancer deaths. The results for IGF-BP3 and all-cause mortality were similar to those for the full cohort. After adjustments, the relative hazard point estimates for each quartile compared with quartile 4 were not significant for quartile 1 (relative hazard ¼ 1.72, 95 percent confidence interval: 0.98, 3.01) or quartile 3 (relative hazard ¼ 1.29, 95 percent confidence interval: 0.70, 2.39), but the estimate was significant for quartile 2 (relative hazard ¼ 1.61, 95 percent confidence interval: 1.02, 2.55) and the test for trend was significant (p ¼ 0.04). There were no significant associations with IGF-BP3 and heart disease or cancer deaths after adjustments.
DISCUSSION
In this nationally representative sample of adults, lower levels of IGF-BP3 were associated with increased risk of allcause mortality, but not heart disease mortality, after adjusting for age, sex, race/ethnicity, smoking status, alcohol use, body mass index, and IGF-I. To our knowledge, no previous studies have examined the relation of IGF-BP3 and all-cause or heart disease mortality in the general population. One previous study examined the relation of IGF-BP1, but not IGF-BP3, in a cohort of Finnish men (23) . In the Finnish study, higher levels of IGF-BP1 were associated with increased risk of death from all causes and from cardiovascular disease (23) . In contrast, our study found that lower levels of IGF-BP3 were associated with higher mortality. Even though IGF-BP1 and IGF-BP3 are both BPs in the IGF axis, it appears that they may have different functions. IGF-BP1 correlates inversely with serum insulin (30, 31) and is strongly correlated with factors leading to atherogenesis (32) . Unlike IGF-BP1, IGF-BP3 is primarily regulated by growth hormone. IGF-BP3 can directly promote or inhibit growth in vitro and in vivo and is the main BP for IGF-I (33). We did not measure IGF-BP1 in our study.
In our study, we did not find any significant associations between IGF-I and all-cause or heart disease mortality. In contrast to our study, a prospective study from the Rancho Bernardo cohort (22) found that lower levels of IGF-I were associated with an increased risk of cardiovascular disease mortality. Lower levels of IGF-I appear to be associated with an atherosclerotic process leading to cardiovascular disease (10) . Previous cohort studies have shown that lower levels of IGF-I are associated with increased risk of incident cardiovascular disease events, which correlate highly with increased mortality (7) (8) (9) (10) (11) (12) (13) .
We found no significant associations between IGF-I or IGF-BP3 and cancer mortality in this study. As far as we know, no previous studies have examined these associations with cancer mortality in the general population. IGF-I is thought to be associated with incident cancer because it stimulates growth and replication of carcinogenetic cells. However, different biologic mechanisms might operate for incident cancer and cancer mortality. Once cancer is diagnosed and treatment initiated, lower IGF-I levels may predict higher cancer mortality for this same reason-low levels of IGF-I make it more difficult for the body to stimulate growth and replication of healthy cells. Of note, only a few cancers have been associated with higher IGF-I levels in epidemiologic studies (2, 3, 6) , but no study has looked specifically at cancer mortality. For example, higher IGF-I levels were associated with colorectal cancer but not lung cancer in a recent meta-analysis of previously published studies (6) . In this study, lack of association with cancer mortality may also be because all cancers were considered together.
The associations of IGF-I and IGF-BP3 with mortality are clearly confounded by age. In unadjusted analysis, lower levels of IGF-I and IGF-BP3 are associated with increased risk of death from all causes, heart disease, and cancer. However, once we adjusted for age, the association decreased toward the null and was often no longer significant. Increasing age is related to both decreasing IGF-I and IGF-BP3 levels and death. As adults age, levels of IGF-I and IGF-BP3 decline, with the lowest levels found in the oldest adults. Thus, adjusting for age in the proportional hazards analysis explained much of the association of decreasing IGF-I and IGF-BP3 with increased risk of death.
One possible reason why age has such a strong effect is the association of IGF levels with muscle mass. Decrease in IGF levels may correspond to an inability to maintain muscle mass during aging (34) . Although loss of muscle mass is associated with aging, loss of muscle mass itself was not associated with mortality in a cohort of adults older than age 70 years in the United States (35) . A recent review by Yang et al. (36) suggested that lower levels of IGF-I in early adulthood and higher levels of IGF-I later in life may be most beneficial for longevity. Further clouding the picture regarding the relation of IGF and mortality is that lower IGF-I levels have been shown to increase life expectancy (3, 37, 38) . The relation of IGF-I and IGF-BP3 with age may also be influenced by other age-related factors such as sex hormones, body composition, and lifestyle (2) . We attempted to control for some of these factors in the adjusted analysis but likely were unable to fully adjust for all potential age-related factors.
Strengths of this study include a nationally representative sample, 4-12 years of follow-up, and careful measurement of IGF-I and IGF-BP3 using current state-of-the-art methods. Nonetheless, there are two main limitations of this study. First, although follow-up of the cohort of participants was almost complete, there were few deaths, with fewer than 200 deaths from cancer. This limitation prevented us from looking at specific cancers or more refined death categories. Second, levels of IGF-I and IGF-BP3 were measured at only one point in time, at baseline. Single-point-intime measurements assume that those for individuals with high levels of IGF-I or IGF-BP3 at baseline are consistently high and, conversely, that those for individuals with lower levels of IGF-I or IGF-BP3 are consistently low. IGF-I and IGF-BP3 levels may also vary day to day and over the longer term. This variation is expected to be minimal because two measurements of IGF-I from the same individual within 40 days of each other are highly correlated (39) . Levels may vary based on whether or not an individual is fasting. Since IGF-I and IGF-BP3 were measured from serum samples collected after the participants fasted overnight, this variation is expected to be minimal.
In conclusion, in this nationally representative prospective study, we found no association of IGF-I with mortality from all causes, heart disease, or cancer. We did find an association of lower IGF-BP3 with increased all-cause mortality, but not heart disease or cancer mortality. The relation of IGF-I and IGF-BP3 with mortality is clearly confounded by age, and the biologic relation between each of them and human disease is complex. These results suggest that the association of IGF with mortality may differ from the previously observed associations with incidence of disease, particularly for cancer. The results also suggest that large samples or long durations of follow-up are necessary to accumulate sufficient outcomes to identify associations.
